Nitric oxide (NO), an important cell messenger molecule, is formed endogenously in the lung airway. Three individual genes of NO synthase (NOS), which represent brain NOS (bNOS), inducible NOS (NOS), and endothelial NOS (eNOS), have been reported in the cultured lung epithelium. Although studies in vivo showed that bNOS and NOS were expressed and localized in the cytoplasm of bronchial epithelium, the expression and localization of eNOS remains to be determined. Therefore, we employed an eNOS monoclonal antibody whose immunospecificity was tested by both Western blot and preadsorption immunohistochemistry to immunostain rat lungs from fetus to adult. The results showed that eNOS immunoreactivity began to appear in the lung epithelium within 2 hr after birth. Six hours later (8 hr after birth), the NOS immunoreaction was concentrated near the surface of the ciliated epithelial cells. This staining pattern appeared in lungs at Day 1, W e e k 1, Week 2, and
Introduction
Since the endothelium-derived relaxing factor (EDRF; Furchgott and Zawadziki, 1980) was identified as nitric oxide (NO; Palmer et al., 1987) , this molecule has been further demonstrated as a novel cell messenger mediating a variety of important physiological processes Nathan, 1992; Moncada et al., 1991) . NO is generated by a family of enzymes called nitric oxide synthases (NOS) . At least three isoforms of NOS are recognized by cDNA cloning from the brain (Bredt et al., 1991) , macrophage (Xie et al. 1992) , and endothelium Uansenns et al., 1992; Lamas et al., 1992; Nishida et al., 1992; Sessa, 1992) . Each isoform is produced by its own individual gene (Lamas, 1992; Nathan, 1992) . The brain and endothelial isoforms of NOS are constitutive and are regulated by calcium/calmodulin, whereas the isoform in macrophages is inducible and is independent of calcium/calmodulin Nathan, 1992; Moncada et al., 1991) . ' Supported by NIH grants RO1-HL39706 and R01-GM49111 (RAJ) and by a research award from the American Heart Association-Virginia Affiliate (CX).
2Correspondence to: Roger A. Johns, MD, Dept. of Anesthesiology, Box 238, U. of Virginia Health Sciences Center. Charlottesville. VA 22908. in adult rats. By electron microscopy, eNOS immunoreactivity was confirmed within ciliated epithelium and was shown to be associated with the basal microtubule membrane of the cilia. Nonciliated cells were not stained. Type Il epithelial cells also contain eNOS immunoreactivity, which is primarily associated with rough endoplasmic reticulum and free ribosomes. However, macrophages in the lungs lacked eNOS immunoreactivity. This study demonstrated that eNOS was postnatally expressed in rat bronchial ciliated epithelium. The localization ofeNOS at the basal membrane of ciliary microtubules suggests that eNOS may be involved in the function of epithelial cilia, consistent with previous physiological studies. (JHisrOchem Cytdem 44:463471, KEY WORDS: Bronchial epithelium; Cilia; Endothelial NOS; Lung development; Type I1 alveolar epithelium; Endothelium; Macrophage; Immunohistochemistry.
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In terms of the cellular subfraction, endothelial NOS (eNOS) is predominantly membrane bound, whereas brain NOS (bNOS) and macrophage inducible NOS (iNOS) are primarily cytosolic fraction enzymes (Nathan, 1992) .
NO and its related compound are present in the expired gas of normal rabbits, guinea pig, and human (Gustafsson et al., 1991) . There is evidence that exhaled NO may be derived, at least in part, from the respiratory tract (Gerlach et al., 1994) , suggesting that NO originates from the airway epithelial cells (Xue et al., 1996; Rengasamy et al., 1994; Xue et al., 1994a,b; Kobzik et al. 1993; Schmidt et al., 1992) , consistent with the hypothesis that lung epithelial cells can produce NO. Furthermore, the NO receptor, soluble guanylate cyclase, was demonstrated in bronchial smooth muscle cells, indicating a paracrine role of NO in bronchial function (Rengasamy et al., 1994) .
Although the role of NO in regulating airway tone has been demonstrated (Kannan and Johnson, 1995; Lindeman et al., 1995; Rengasamy et al., 1994; Nijkamp et al., 1993) . its function in the airway may be more extensive. The airway is an important interface between internal organs and the external environment. It not only conducts air for respiration but also constantly defends the lung from invasion by viruses, bacteria, inflammatory stimuli, and environmental pollutants. Therefore, its functions also include 463 removal of foreign material by ciliary movements, transporting antibodies, proliferation in response to injury, and secretion of substances to selectively activate inflammatory cells (Rennard et al., 1771) . Recent evidence shows that NO modulates the beat frequency of airway epithelial cilia (Sisson, 1995; Tamaoki et al., 1995; Jain et al., 1993) , suggesting that NO may play multiple roles in airway function.
There are at least three NOS genes reported in cultured lung epithelium. Their products are bNOS, iNOS, and eNOS (Asano et al., 1994; Shad et al., 1994) . In vivo, immunohistochemical evidence shows that bNOS and iNOS are expressed and localized in the cytoplasm of the bronchial epithelium (Xue et al., 1996; Rengasamy et al., 1994; Kobzik et al., 1993; Xue et al., 1974a,b; Schmidt et al., 1792) . However, expression and localization of eNOS remain unclear in these cells. Therefore, we employed an eNOS monoclonal antibody whose immunospecificity was tested by both Western blot and preadsorption immunohistochemistry to immunostain the rat lungs. Since we previously demonstrated that eNOS immunoreactivity was not detected in fetal bronchial epithelium (Xue et al., 1996) , lungs from 21 days of gestation to adult were studied in order to understand (a) the timing of eNOS expression in airway epithelial cells, (b) the epithelial cell type(s) that expresses eNOS, and (c) eNOS subcellular localization.
Materials and Methods
Tissue Preparations. All Sprague-Dawley rats were obtained from Hilltop Laboratory Animals (Scottdale, PA). Thirteen fetal rats at 21 days of gestation (term is 22 days), 25 pups in postnatal life of 2 hr. 8 hr, 1 day, 1 week, and 2 weeks (five rats from each time), and three adult rats were decapitated. Their lungs were rapidly removed and cut as cross or longitudinal pieces approximately 1.5 mm thick. The specimens were then immersed in fixative solution containing 4% wlv paraformaldehyde in PBS. After 90 min of fixation, the specimens were dehydrated in an increasing gradient of sucrose in PBS, then quickly frozen by immersion in liquid nitrogen and embedded in a 1:2 solution containing OCT compound (an embedding medium for frozen tissue specimens; Miles, Elkhart, IN) and 20% sucrose in PBS. Sections of 2-4 pm were cut (at least six slides for each lung) and tbaw-mounted on Vectabond (Vector Laboratories; Burlingame, CA)-treated slides or on precleaned Superfrost Plus slides (Fisher Scientific; Springfield, NJ).
Western Blot. crude homogenates from rat brain, bovine aortic endothelial cells (microsomal preparation). and RAW 264.7 macrophages (stimulated with 50 U/ml of interferon and 40 ng/ml of LPS) were loaded (150 pg each) and separated on a 7.5% SDS-PAGE gel, followed by blotting the proteins onto nitrocellulose (Bio-Rad; Hercules, CA). The blots were blocked with buffer; 50 mM Tris-HCI (pH 7.4). 0.15 M NaCI, 2% BSA, and 0.1% Tween-20, for 1 hr at room temperature (RT). Then the blots were incubated with eNOS antibody (dilution 1:5M); Transduction Laboratories, Lexington, KY) for 1 hr at RT. The blots were washed six times with TBS (5 min) and then incubated with anti-mouse IgG antibodies conjugated with horseradish peroxidase (HRP; Bio-Rad) for 1 hr at RT. The blots were washed six times with PBS ( 5 min), followed by detection of immunoreactive proteins with enhanced chemiluminescence (ECL Amersham, Arlington Heights, IL).
Preadsorption Test for Specificity of eNOS Antibody. Specificity of the eNOS monoclonal antibody (1:25) was immunohistochemically tested by preincubating the antibody with human endothelial cell lysate (1:lO Eansduction Laboratories) at 4'C overnight. Then the mixtures of the anti- gen-antibody were applied to tissue sections for immunohistochemistry as described below.
eNOS Immunohistochemistry. The immunohistochemical method employed has been previously described (Xue et al., 1994a.b; Xue et al., 1993) . with slight modification. After preincubation with 20% horse serum (Sigma; St Louis, MO) for 15 min. tissue cryostat sections were washed (twice for 10 min in PBS) and incubated with a monoclonal antibody (MAb) raised against a peptide fragment of the amino acids 1030 -1209 of human endothelial NOS (1:50 dilution; Transduction Laboratories) or with PBS, or with mouse IgG (for negative controls), at 4'C overnight. After washing off unbound primary antibodies with PBS, the sections were incubated with biotinylated anti-mouse antibody (1:250 dilution; Amenham Life Science) for 1 hr, followed by incubation in avidin-biotin-horseradish peroxidase complex (1:SO dilution for 45 min; Vector Laboratories). The peroxidase activity was visualized by a color reaction using diaminobenzidine (DAB, 0.5 mg/ml; Sigma) as the substrate (brown) or enhanced by cobalt chloride (blue, 0.2 mglml; Sigma). Then the slides were counterstained with eosin (red) or eosinlhematoxylin. mounted, and examined under an Olympus Vanox AHBS3 microscope.
Electron Microscopic Immunohistochemistry. The cryostat sections ( 5 wm) for eNOS immunoreactivity at an ultrastructural level were mounted on Thermanox cover slips (Electron Microscopy Sciences; Fort Washington, PA). The slips were immunostained as described above, except that the cobalt enhancing and counterstaining procedures were omitted. Then the specimens on the slips were dehydrated through graded alcohols and embedded in Polyembedding resin. After separating the slip, the specimens were immediately thin-sectioned and stained with alcoholic uranyl acetate for 15 sec. Because immunoreactivity of eNOS in Type I1 epithelium was relatively low, no counterstain was used in the sections for Type I1 epithelial cells. Finally, the sections were examined by transmission electron micros-COPY ").
Immunospectficity of eNOS Antibodies
In Western blots ( Figure IA) , eNOS antibody was shown to react with eNOS protein at 135 KD mass in rat brain (Lane 1 in Figure  1A ) and bovine endothelial cells (Lane 2 in Figure IA ), but not in the stimulated RAW 264.7 macrophages (Lane 3 in Figure 1A ). The antibody did not react with bNOS protein because there was no protein at 155 KD mass (the KD mass of bNOS is 155-160; Nathan, 1992). Figure 1B is an immunohistochemical picture showing eNOS staining in both vascular endothelial cells (open arrows in Figure 1B ) and bronchial epithelial cells (solid arrows in Figure  1B ). However, with preadsorption of the antibody with human endothelial cell lysate, the immunoreactivity of eNOS was blocked and showed no detectable staining in either vascular endothelium (open arrows in Figure IC ) or bronchial epithelium (solid arrows in Figure IC) . The results from Western blots and the preadsorption test indicated that eNOS antibody was specific to the eNOS protein in both immunoblot and immunohistochemical preparations of the rat lungs.
Timing of eNOS Expression in Bronchial Epithelium
Although eNOS was present in the fetal lung vessels (open arrows in Figure 2A ), there was no eNOS immunoreactivity to be detected in the fetal lung epithelial cells (solid arrows in Figure 2A ). However, within 2 hr after birth, eNOS immunoreactivity appeared in some but not all bronchial epithelial cells (solid arrows in Figure  2B ). The positive epithelium showed a small patch of fuzzy staining in the top (facing the airway lumen) of the cells. Six hours later (8 hr after birth), more epithelial cells appeared to be stained, and the eNOS immunoreaction was concentrated near the cell surface, which appeared in the sections as a line-like staining laid on the subsurface of the epithelial cells (solid arrows in Figure 2C ). This staining pattern changed only slightly in the bronchial epithelium as found in 1-day (solid arrows in Figure 2D ), 1-week (solid arrows in Figure 2E ), and 2-week postnatal rats (solid arrows in Figure 2G ) as well as in the adult rats (solid arrows in Figure 2H ). No immunostaining was detected in the control section (using mouse IgG instead of eNOS antibody).
Type of eNOS Immunopositiue Epithelium
In bronchial epithelium, eNOS immunoreactivity was found only within ciliated epithelial cells (solid arrows in Figure 2H ) and not in nonciliated cells (arrowheads in Figure 2H ). This was further confirmed by electron microscopy (EM) technique (Figure 3 ).
Subceliular Location of ENOS Immunoreactiuity in Bronchial Epithelium
The cilium is composed of an array of longitudinal microtubules (axonemes; arrows in Figure 4C ) embedded in a cytoplasmic matrix. The microtubules are enclosed in a single-layer membrane. By EM, eNOS immunoreactivity was located at the microtubule membrane in the basal body (arrows in Figures 4A and 4B ) and rootlet (arrowheads in Figures 4A and 4B) of the epithelial cilia. However, eNOS immunoreactivity was not observed at the plasma membrane, in other organelles, or in the nucleus in the ciliated epithelium ( Figure 3) . The negative control sections (inset in figure 3 and Figure 4C ) immunostained with mouse IgG and omission of the primary antibody showed no staining in the ciliated epithelial cells.
Type II Aiveoiar Epithelium and Macrophage
The Type I1 epithelial cells were found to contain eNOS immunoreactivity, which was primarily associated with rough endoplasmic reticulum (arrows in Figure SA ) and free ribosomes (arrowheads in Figure 5B ). In the negative control sections, no immunostaining was observed in Type I1 epithelium (data not shown). The macrophages ( Figure 5B ) also showed no detectable immunohistochemical staining for eNOS.
Discussion
The present study demonstrated that (a) eNOS was postnatally expressed in rat bronchial epithelium; (b) only ciliated epithelium contained eNOS immunoreactivity, and (c) eNOS immunoreactivity was localized at the basal microtubule membrane of the cilia.
Three distinct isoforms of NOS are recognized by cDNA cloning: bNOS, iNOS, and eNOS (Jansenns et al., 1992; Lamas et al., Figure 2 . Rat lung sections from 21 days of gestation (A), 2 hr (e). 8 hr (C), 1 day (D), 1 week (E.F), 2 weeks of postnatal life (G), and adult (H). eNOS immunoreactivity was undetectable in the bronchial epithelium of fetal lung (solid arrows in A). Within 2 hr after birth some bronchial epithelial cells were stained as a small fuzzy patch on the cell top (facing the airway lumen; solid arrows in B). Eight hours after birth more epithelial cells were stained (solid arrows in C) and this staining was concentrated near the cell surface, showing a linelike immunoreaction on the subsurface of the epithelial cells (C). A similar eNOS staining pattern was also shown in the bronchial epithelium of 1-day (solid arrows in D), 1-week (solid arrows in E), 2-week (solid arrows in G), and adult lungs (solid arrows in H).
These immunopositive epithelial cells appeared to be ciliated epithelium (solid arrows in H). Nonciliated cells were not stained (arrowheads in H). (F) Negative control section immunostained with mouse IgG and omission of eNOS antibody. Note that pulmonary vascular endothelial cells were positive for eNOS immuno staining (open arrows in A-E,G,H) . Bars = 100 pm.
-- Figure 3 . Electron microscopic photograph of the bronchial epithelial cells with eNOS immunostaining. eNOS immunoreactivity was located at the basal microtubule membrane of the cilia. The plasma membrane, other organelles. and nucleus did not stain. The epithelium without cilia contains no eNOS staining. (Inset) Negative control lung section immunostained with mouse IgG and omission of eNOS antibody. Bar = 2 pm; Inset = 0.5 um. r! Figure 4 . With longitudinal (A) and crosssections (6) of the epithelial cilia (under higher magnification), eNOS immunoreaction was associated with the microtubule membrane of the basal bodies (arrows in A B ) and the rootlet (arrowheads in A#). When nonspecific mouse IgG was used instead of the primary antibody, no immunostaining was detected at the ciliary microtubule membrane (arrows and arrowhead in C). Bars = 0.2 pm. I I 1992; Nishida et al., 1992;  Sessa et al., 1992;  Xie et al., 1992) , which are produced by three individual genes (Lamas et al., 1992; Nathan, 1992) . bNOS and eNOS are constitutive and are regulated by calciumlcalmodulin, whereas the isoform in macrophages is inducible and its activity is independent of calciumlcalmodulin  Nathan, 1992;  Moncada et al., 1991) . In bronchial epithelium, Asano et al. (1994) showed that both bNOS and iNOS genes, but not the eNOS gene, were expressed in three cultured lung epithelial cell lines. At the same time, Shaul et al. (1994) reported that only the eNOS gene (neither bNOS nor iNOS genes) was found in a cultured lung epithelial (Clara) cell line. In in vivo studies, Schmidt et al. (1992) first detected bNOS immunoreactivity in the bronchial epithelial cells. Later, Kobzik et al. (1993) reported staining of bronchial epithelium with iNOS immunohistochemistry. Therefore, the literature is quite confusing with regard to which type(s) of NOS isoform is expressed in the epithelium under in vivo conditions. With selected specific NOS antibodies to bNOS, iNOS. and eNOS, we have demonstrated that both bNOS and iNOS were localized in the cytoplasm of rat bronchial epithelium (Xue et al., 1996) . Moreover, in this study we observed that eNOS immunoreactivity is present in the ciliated epithelium and is associated with the basal microtubule membrane of the cilia. These findings are consistent with data showing that eNOS is predominately membrane bound, whereas bNOS and iNOS are cytosolic fraction enzymes (Nathan, 1992) .
Bronchial epithelium has essential functions in regulating airway tone and defending against assaults of viral, bacterial, and environmental pollutants. Growing evidence suggests that NO may be involved in multiple aspects of airway function. First, NO is reported to have a paracrine role in bronchial function (Rengasamy et al., 1994) . to relax airway smooth muscle (Lindeman et al., 1995; Buga et al., 1989; Stuart-Smith and Vanhoutte, 1987) , and to act as a bronchodilator in lung airways (Albertini and Clement, 1995;  Kannan and Johnson, 1995; Nijkamp et al., 1993; Dupuy et al. 1992 ). Patients with bronchiectasis were observed to have an increase in exhaled NO (Kharitonov et al.. 1995a,b) . Second, an induction of iNOS mRNA in lung epithelium was found in response to cytokine stimulation (Asano et al., 1994) . Elevation of exhaled NO reflects allergic inflammation in human asthmatic airways (Kharitonov et al., 1995a.b) , and cytokines can induce lung epithelial cell iNOS expression and NO release (Robbins et al., 1994) . Third, evidence has been presented that NO modulates the beating frequency of airway epithelial cilia (Sisson et al., 1995; Jain et al.. 1993) . and the ciliary motility is regulated by cGMP and CAMP (Pech, 1995) . Because our study found that eNOS was located at the basal microtubule membrane of the cilia, this strongly suggests that the function of eNOS is closely associated with ciliary movement. Therefore, we speculate that although the bronchial epithelium contains three types of NOS enzymes, each isoform of NOS may be closely linked with its own unique function in lung airways. Considering that iNOS is generally induced by cytokines (Warner et al., 1995; Nathan, 1992) and that the immunoreactivity of iNOS is very limited in normal bronchial epithelium (Xue and Johns, unpublished observation), we could not expect the role of iNOS in the epithelial cells to be involved in modulating basal airway tone, but to be connected with airway defense processes. In contrast, the epithelial bNOS is constitutively localized in whole cytoplasm, implying that this isoform is capable of producing NO for basal or stimulated airway smooth muscle relaxation. However, these speculations cannot be firmly established without direct physiological evidence.
Normal development of the ciliated epithelium in lung airway is completed postnatally in rodents (Curtis et al., 1987) . We observed that eNOS expression in rat lung was correlated with the development of the ciliated epithelium, suggesting a close relationship between the eNOS and ciliated epithelium differentiation or ciliogenesis. However, the timing of eNOS expression in rat lung epithelium may not apply in the human lung, because the development of human ciliated epithelium is completed before birth (Moscoso et al., 1988) .
In this study we observed that Type I1 epithelium contained eNOS immunoreactivity, which was primarily associated with rough endoplasmic reticulum and free ribosomes. The role of NOS enzyme in Type I1 epithelium remains to be defined. This study also confirmed by electron microscopy that pulmonary macrophages did not contain eNOS immunoreactivity.
